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The primate lentiviruses encode a protein, Nef, which is required for efficient viral replication in their host. Several
biological activities of nef identified in vitro may contribute to this requirement in vivo, including receptor modulation and
interference with cellular signaling pathways. We show that HIV- and SIV-encoded Nef can enhance virus production within
a single viral replication cycle, not only by increasing viral infectivity, as previously reported, but also by acting through the
efficiency of viral transcription and of viral release. © 1999 Academic Press
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sBesides genes encoding for structural proteins, the
enome of primate lentiviruses (HIV-1, HIV-2, and SIV)
lso encodes for proteins with essential function in dif-
erent stages of the viral life cycle (1). One of these, nef,
xpresses a myristoylated 25- to 34-kDa membrane-
ssociated protein, which is critical for high virus titer
eplication and pathogenesis in the simian model of
cquired immunodeficiency syndrome (SAIDS) and upon
nfection of hu-SCID mice with HIV-1 constructs (2, 3).
he mechanisms by which Nef exerts these effects re-
ain to be precisely established. Several in vitro identi-
ied functions may contribute to it. Nef down-regulates
lass I molecules and induces FasL expression (4, 5),
hich are believed to contribute to the escape of in-
ected cells from CTL recognition and lysis in vivo. How-
ver, whereas such a modulation of the immune re-
ponse is likely to contribute to the function of nef in vivo,
t does not account for the reported nef-dependent en-
anced viral replication in vitro (6, 7), in the absence of
n efficient immune response. Indeed, in vitro the Nef
rotein increases viral infectivity (6). It also promotes the
own-regulation of CD4 (1), the major receptor for HIV
nd SIV cellular entry, and it modulates cellular signaling
athways, most likely as the consequence of its binding
o and regulation of cellular kinases (8–11). These func-
ions of nef all appear to require its myristoylation, which
s important for membrane localization (8, 9, 12, 13).
hereas increased viral infectivity most likely contrib-
tes to the enhancement of viral replication by Nef, the
1 To whom reprint requests should be addressed at U119 INSERM,
7 bd Lei Roure, 13009 Marseille, France. Fax: 33 491 26 03 64. E-mail:wollette@marseille.inserm.fr.
173elative contribution of either CD4 down-regulation and
ellular signaling interference is much less clear. Here,
e developed a simple assay to examine different steps
f a single, synchronous viral replication cycle and show
hat nef can regulate viral replication through the com-
ination of multiple mechanisms.
In order to study various steps of nef-dependent viral
eplication, we used the previously described P4 cells
14). These HeLa-CD4 cells carry an integrated lacZ
acterial gene under the control of the HIV-1 long termi-
al repeat. The cytoplasmic accumulation of the en-
oded b-galactosidase is strictly dependent on the pres-
nce of Tat in these cells. These cells were transfected
sing the CXCR-4-tropic pNL4.3 (WT) or the nef-deficient
N2) or env-deficient (E2) proviral constructs. Cell super-
atants were collected at different time points following
ransfection and were determined for p24 contents by
LISA. In preliminary experiments, we noticed that the
24 levels were reproducibly higher in cell supernatants
erived form WT- than N2-transfected cells. In order to
orrect for potential variations in transfection efficien-
ies, a RSV–cat reporter construct was cotransfected
ith the proviral constructs, and supernatant p24 values
ere adjusted according to the intracellular CAT values
etermined by ELISA. Results of these experiments are
eported in Fig. 1A. In absence of nef expression, a mean
-fold reduction of supernatant p24 was measured,
hich could be restored by cotransfection of a nefHIVBru/Lai
xpression plasmid. Similar results were obtained using
different reporter construct for the normalization of the
24 values to the transfection efficiency (data not
hown). The nef-dependent increase in supernatant p24
as observed as early as 24 h following transfection
0042-6822/99 $30.00
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174 RAPID COMMUNICATIONFig. 1A). Hence, we could not exclude a multiple round
f infection in our assay and an indirect effect of nef on
iral production through enhancement of viral infectivity.
ndeed, titration of the cell supernatants on P4 cell cul-
ures revealed a 4- to 5-fold reduction of infectivity of
irus containing supernatants derived from N2 -trans-
ected cells, compared to WT-transfected cells, which
as restored by cotransfection of the nefHIVBru/Lai expres-
ion plasmid (Fig. 1B). Similar results were obtained by
sing infectious cell supernatants normalized for their
FIG. 1. Nef-dependent viral replication. (A). Epithelial HeLa P4 cells
ere transfected by pNL4.3 CXCR-4 virus (WT) or pNL4.3 nef- (N2)
roviral constructs together with the RSV–cat reporter construct and
ither a control plasmid or a nefHIVBru/Lai expression plasmid (1 N). At
4 h following transfection, cell supernatants were determined for p24
ontent, and cells were collected for CAT protein determination. Rela-
ive supernatant p24 was calculated normalizing for the corresponding
AT protein levels. Results correspond to the mean values of four
ndependent experiments, with standard deviation expressed as a
ercentage of corrected p24 values determined in cell supernatants
rom WT-transfected HeLa P4 cells. Typically, WT-transfected HeLa P4
ells produced 6 10–70 ng p24/ml at 24 h posttransfection. (B) Cell
upernatants were used to infect independent cultures of HeLa P4
ells. At 48 h following incubation, cells cultures were washed and
ollected, and cell lysates were determined for b-galactosidase accu-
ulation. Results from one representative experiment of three are
resented as b-galactosidase values corrected for p24 content in the
orresponding infectious cell supernatants. No b-galactosidase was
etected in cells incubated with p24-free medium.24 content before adding to the HeLa P4 cell cultures tdata not shown). To analyze the impact of nef on virus
roduction in a single round assay of replication, we
ransfected HeLa cells in parallel to P4 cells and per-
ormed the experiments in the presence of a blocking
D4 monoclonal antibody which prevented viral entry
hrough CD4. As shown in Fig. 2A, nef expression was
imilarly required in both cell types. Interestingly, co-
ransfection of the nefHIVBru/Lai expression plasmid not only
estored p24 production by the N2 -transfected cells, but
t also increased by 2- to 3-fold p24 levels in the super-
FIG. 2. Nef increases viral production, independently of CD4 and Env
xpression, through the enhancement of p24 release and LTR activity.
eLa P4 cells, as well as HeLa cells, were transfected and analyzed as
escribed in Fig. 1A, except that the pNL4.3 env- (E2) proviral construct
as also included. Also, to prevent a second round of infections,
mmediately after transfection, 13B8.2 anti-CD4 monoclonal antibody
as added to the cultures at 10 mg/ml. Supernatant p24 (A), the
upernatant to cell lysate p24 ratio (B), and b-galactosidase contained
n cell lysates (C) were simultaneously determined. Representative
esults from three independent experiments are presented. Typically, in
he presented experiment, WT-transfected HeLa and HeLa P4 cells
roduced 22 and 15 ng p24/ml, respectively, at 24 h posttransfection
nd after normalization for the corresponding CAT protein levels. The
upernatant to cell lysate p24 ratio scored 0.56 for the WT proviral
onstruct transfected in HeLa cells and 0.63 in HeLa P4 cells. Trans-
ection of the WT construct in HeLa P4 cells induced 4.34 ng b-galac-
osidase/ml, with no detectable background.
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175RAPID COMMUNICATIONatants derived from WT-transfected HeLa cells. This
ater effect was likely to reflect overexpression of nef in
hese cells, as evidenced by Western blot analysis of the
orresponding cell lysates (data not shown). Reduced
xpression of the processed env products gp120/gp41 at
he cell surface of nef expressing cells has been re-
orted, which depended on the ability of env-encoded
roteins to bind CD4 and correlated with reduced env-
nduced cytopathic effects (15). Hence, the nef-depen-
ent increase of supernatant p24 described here may
esult indirectly from this function of nef on env-mediated
ytopathic effects. Indeed, E2-transfected P4 cells pro-
uced 9- to 10-fold higher supernatant p24 levels than
T-transfected cells (Fig. 2A), consistent with the lack of
arge syncytia formation seen in WT-transfected P4 cul-
ures (data not shown). Nonetheless, despite the ab-
ence of apparent cytopathic effects, E2 -transfected
eLa cells also produced 2- to 3-fold higher levels of
upernatant p24, which were increased further up to 7- to
-fold upon nef overexpression, compared to p24 super-
atant production by WT-transfected HeLa cells (Fig. 2A).
e concluded from these experiments that nef can pro-
ote virus production in a CD4- and env-independent
anner, acting between viral transcription and viral bud-
ing.
We next intended to determine whether the nef-depen-
ent increase in supernatant p24 resulted from an over-
ll induction of p24 production or rather from an increase
f p24 release in cell supernatants. To this purpose, both
ntracellular p24 levels and the transcriptional activity of
he integrated LTR–lacZ construct were measured in the
ame transfected cells. Figure 2B presents the superna-
ant to intracellular p24 ratio as the reflection of p24
elease efficiency by the various transfected cells. Figure
C presents the determination of b-galactosidase accu-
ulation in cell extracts. Consistent with the hypothesis
hat env products/CD4 interactions interfere with viral
elease, the supernatant to intracellular p24 ratio of E2-
ransfected P4 cells was four- to fivefold higher than that
f WT-transfected P4 cells, whereas levels of p24 release
y HeLa cells transfected by E2 or WT proviral con-
tructs were similar (Fig. 2B). In contrast, the transcrip-
ional activity of the integrated LTR–lacZ construct was
imilar in WT2- and E2 -transfected P4 cells (Fig. 2C).
hese results support the hypothesis that env-regulated
iral production is accounted for mostly by CD4-depen-
ent inhibitable release of progeny virions. In compari-
on, p24 release was only slightly, yet consistently, de-
endent on nef expression, particularly in HeLa cells
here nef overexpression induced a two- to threefold
ncrease of p24 release, compared to both WT2- and
2-transfected HeLa cells (Fig. 2B). In addition, the tran-
criptional activity of the integrated LTR–lacZ construct
as also reduced in a nef-dependent manner in P4-
ransfected cells (Fig. 2C). Similar results were also ob-
ained in an additional set of experiments upon cotrans- mection of a nefSIVmac239 construct (SIV), but not a control
lasmid (AS), which allowed even an higher increase of
24 release and LTR–lacZ activity in N2- compared to
T-transfected P4 cells (Fig. 3). The myristoylation of the
IV-1 Nef protein (G2A mutant) was required for nef-
ependent enhancement of p24 release and LTR–lacZ
ctivity (Fig. 3), indicating the likely required membrane
ocalization of Nef to increase viral production through its
arious effects.
Together, the reported results show that both HIV- and
IV-encoded Nef proteins can enhance virus replication
hrough multiple mechanisms within a single viral repli-
ation cycle, acting through the efficiency of viral tran-
cription, of viral release, and of viral infectivity. Yet,
lthough the epithelial cellular system used to identify
hese functions of nef does not represent a major target
or HIV and SIV replication, it allowed us to analyze
ultiple parameters of the viral replication in a single
ynchronous round of the replicative cycle. Whether nef
imilarly affects multiple parameters of viral replication in
rimary epithelial, lymphoid, and monocytic cells thus
erits further investigation. During the preparation of
his paper, Ross et al. (16) and Lama et al. (17) reported
n the inhibition of viral release (16) or infectivity (17) by
ell surface CD4 in a nef-inhibitable manner, hence pro-
iding an attractive explanation for the biological pur-
ose of CD4 down-regulation by HIV. Interestingly, Ross
t al. also noted a modest yet significant effect of Nef
rotein on progeny virion release even in the absence of
D4 and HIV-1 Env (16). Together with our results, these
eports add to the findings on complexity with which HIV
eplication is regulated, including that by its own viral
roducts. Although each of these effects of Nef appears
odest in a single round of viral replication, together
ith the immunomodulation functions of nef, it may pro-
ide a dramatic advantage to viral replication throughout
ultiple replication cycles in vivo. The identification of
hese mechanisms seems important for the development
f novel chemotherapeutic agents.
Material and Methods. pNL4.3 and its derivatives,
NL4.3 nef2 and env2, were previously described (4), as
ell as the HIV-1Bru/Lai and SIVmac239 nef expression plas-
ids (13) and the RSV–cat reporter construct (9). The
eLa P4 cells (14) and HeLa cells were maintained in
MEM supplemented with 10% FCS. Cells plated in
-well plates were transfected using Fugene 6, as rec-
mmended by the manufacturer (Boehringer Mannheim,
orp.). Two micrograms of total plasmid was used.
wenty-four hours following transfection, cell superna-
ants were collected, filtered (0.22 mm), and determined
or p24 content by ELISA (NEN DUPONT Corp.). The cells
ere washed and lysed using passive lysis buffer fol-
owed by b-galactosidase and CAT determinations of
ysates by ELISA, following the recommendations of theanufacturer (Boehringer Mannheim, Corp.), or Western
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176 RAPID COMMUNICATIONlotting using HIV-1 Nef and SIV monoclonal antibodies
ollowed by enhance chemiluminescence, as previously
escribed (13).
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